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Abstract 
A non-linear gas dynamic model is used in this paper to study the pressure pulsations in the intake of a variable 
speed compressor, since the perturbation pressure in this study is so large that the linear acoustic theory is no longer 
valid. Friction and heat transfer are considered in the model. Three numerical schemes are applied to solve the governing equations which are non-linear hyperbolic partial differential equations. The computed results from different numerical algorithms are compared with each other, and are also verified by experiment data. The 
supercharging phenomenon resulting from wave action in the suction line of the compressor is studied. Volumetric 
efficiency gain and energy loss due to supercharging are explained. 
Introduction 
Simulation of the unsteady flow processes which occur in the intake and discharge systems is a very important part of a complete mathematical simulation of a compressor. Unsteady flow and gas pulsations are inherent to 
compressors. This causes the pressures in piping systems and cavities to be functions of both time and space. Without including a mathematical model describing gas pulsations, the compressor simulation may suffer significantly in both 
accuracy and reliability. 
The importance of gas pulsations has been recognized in the last three decades. Pressure fluctuations in the suction 
and discharge plenums affect the valve response and mass flow rates through the suction and discharge passages, 
which, in tum, influence the compressor thermodynamic performance because of the interaction of the suction and discharge flows with the cylinder processes. Gas pulsations can also result in valve fluttering, piping vibration, and 
noise radiation. 
In addition to its effects on vibration and noise, gas pulsations in the suction line can considerably affect the 
volumetric efficiency of a compressor. If the wave action in the suction pipe is tuned properly, the pressure in the 
suction port can be higher than the pressure in the inlet to the suction pipe. When this occurs, the volumetric 
efficiency, referenced to the inlet condition of the suction pipe, is more than 100%. This is called a supercharging 
effect. 
The effect of supercharging on the volumetric efficiency, and therefore the capacity of the compressor, has been investigated by several authors. It was reported by Jaspers [1) that "change of between 30% and ~50% in the 
compressor output can be produced simply by a change in the design of the suction line." Czaplinski [2) studied the 
effect of the length of the suction line and the compressor speed on volumetric efficiency, and reponed a maximum improvement of 15%. 
Various methods have been utilized to study gas pulsations. If the acoustic pressure is relatively small compared 
with the mean pressure (less than 20% of the mean pressure), the gas pulsations can be approximated by the acoustic (linear) theory [3). Among these methods based on linear theory, an iterative method first used by Elson and Soedel [4) has been proven to be very efficient. By taking the volume velocity, which can be obtained by dividing the mass 
flow rate into or out of the compressor cylinder by the mean density of the flow, as the excitation of the acoustic 
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system, the acoustic pressure can be determined by multiplying the volume velocity with the acoustic impedance of the 
system. Iterations are essential to allow the pressure to converge. 
If the amplitude of the acoustic pressure is large, the problem can not be handled by the linear acoustic wave 
equation. Under these circumstances, the non-linear hyperbolic partial differential equations governing the one-
dimensional unsteady compressible flow have to be solved numerically to predict the gas pulsations. Benson et al. [5] 
and MacLaren et al. [6] used this approach. Several numerical techniques to solve the partial differential equations 
were given by MacLaren et al. 16]. Most conunonly used are the Lax-Wendroff two-step method, the MacCormack 
method, and the method of characteristics. 
The one-dimensional unsteady compressible gas dynamic model is applied in this study to simulate the suction 
process. 
Mathematical Model of One-Dimensional Unsteady Compressible Flow 
Due to periodic opening and closing of the suction port, startup and shut down of compressors, the flow 
properties of the gas moving in suction lines vary with both location and time. Consequently, the flow is unsteady and 
compressible. Since the cross-sectional dimension of a suction pipe is usually much smaller than its longitudinal 
length, the flow can be treated as one-dimensional. To predict the gas pulsations inside the suction pipe, the gas 
dynamic model of one-dimensional unsteady compressible flow is needed. 
The gas dynamic equations are based on the conservation laws of mass, momentum, and energy: 
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where p is the density of the refrigerant gas, u is its velocity, p is its pressure; D is the diameter of the pipe, t is time, 
xis the spatial coordinate along the pipe axis, jis the friction factor, yis the specific heat of the gas flowing inside the 
pipe, and q is the heat transfer rate per unit mass from the pipe wall to the gas. 
Equations (1)-(3) are the three non-linear hyperbolic partial differential equations which describe one-dimensional 
unsteady flow of a compressible fluid in a uniform pipe. The model based on these equations is very general, since all 
the factors influencing the flow, such as wall friction and heat transfer, are considered in the model. The only 
assumption made is that the flowing fluid is a perfect gas. 
Numerical and Experimental Results 
A computer simulation program consisting of a one-dimensional gas dynamic model for the intake, the first-law 
thermodynamic model for the cylinder, and the linear acoustic model for the discharge was developed to study the 
compressor [7] shown in Figure 1. The gas dynamic model described in the previous section is applied to predict the 
properties of the unsteady flow inside the suction pipe. It is coupled with the thermodynamic model for the gas inside 
the compressor cylinder by the mass flow rate through the suction port. For the unsteady flow inside the suction pipe, 
the cylinder gas properties, more specifically the gas properties in the suction chamber of the compressor, serve as its 
right boundary conditions. For the thermodynamic process in the compressor cylinder, the unsteady flow model 
determines how much gas is entering the cylinder. Therefore, these two models have to be solved simultaneously. 
Three numerical methods, which are the Lax-Wendroff two-step method, the MacCormack method, and the method of 
characteristics, were utilized to solve the non-linear hyperbolic partial differential equations (1)-(3). The 
implementations of the numerical schemes are explained in details in Reference [7]. 
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l11e suction pipe, as depicted in Figure 1, is 0.334 meter long and is divided into 20 elements uniformly, with the grid point indexed from 1 to 21 starting from the inlet of the pipe. Before starting the simulation, the reference suction condition, the suction passage parameters, and the motor speed have to be specified. For the rolling piston rotary compressor, the reference suction condition can be defined as the properties of the refrigerant gas before entering the inlet of the suction pipe, or the condition inside the accumulator. To apply the numerical methods to solve for the transient values of the flow variables, the initial velocity of the gas at each location of the suction pipe is set as zero, and both the density and pressure at each grid point are initialized as those at the reference suction condition. A typical numerical simulation output is plotted in Figure 2. It takes four or five cycles of computation for the pressure to converge. 
With the unsteady flow in the suction pipe simulated by the gas dynamic model, the compressor suction chamber pressures simultaneously obtained from the simulation of the cylinder thermodynamic process are compared in Figure 3. It shows the pressure variations during the first four cycles of revolutions. The pressure predicted by the Lax-Wendroff two-step method is indistinguishable from that by the MacCormack method; the result obtained by the method of characteristics is slightly different from tllose by tlle other two methods. However, all the methods predict the same kind of wave form of pressure. 
The suction chamber pressures predicted by all the three numerical methods are compared with the experimental results in Figure 4, where Ps is tlle suction reference pressure defined as that inside the accumulator, and Ts is the 
corresponding temperature of the refrigerant gas prior to entering the suction pipe. Figures 5-6 show the comparisons between the measured suction chamber pressures [7] at different speeds and those computed by the Lax-Wendroff two-step method. The results predicted by the numerical methods show satisfactory agreements with the experimental results. The slight phase mismatch, which means tlie phase of the measured pressures leads or lags the phase of the numerically predicted pressures, is probably due to the non-uniform motor speed. In reality, the compressor motor speed changes as its driven load varies. For instance, if the compression process of one cycle is divided into two phases, the motor speed during the first phase is faster than that during the second phase, since the pressure in the compression chamber, and therefore the motor driven load, is higher during tlle second phase, especially when cylinder gas is being discharged out of tlle cylinder. However; the motor speed is considered as a constant in the simulation model, as an approximation. Otherwise, a dynamic model to predict the instantaneous motor speed has to be included in the simulation. 
The magnitude of pressure fluctuation is a function of the motor speed, suction pipe length and diameter, and so on. At certain conditions, the pressure perturbation is more than 20% of the mean pressure, which can be seen from the plots shown in this section. This indicates that if the pressure pulsations inside the suction pipe are predicted by the linear acoustic tlleory, tlle results may not be accurate, since the large magnitude of pressure fluctuation violates the assumption on which the linear acoustic wave equation is based, that is: the pressure perturbation, or tlle acoustic pressure, should be small compared to the mean pressure. 
Gains and Losses Associated with Suction Gas Pulsations The working processes of tlle rolling piston rotary compressor, are illustrated in Figure 7. The blade and the roller divide the cylinder into a suction chamber and a compression chamber. During each revolution or cycle, refrigerant gas is pumped from the accumulator into the suction chamber, and the refrigerant gas already in the compression chamber is compressed and discharged out of the cylinder at the same time. The suction and compression processes proceed side by side. 
Because of the geometric constraint, botll the suction and discharge pons of the rolling piston compressor are offset from the stationary vane location by some amount as shown in Figure 7. From the kinematics point of view, the suction process of the suction chanlber and the compression process of the compression chamber should start from the top dead center position a=O. However, since the suction port is not sealed off until a= as, the actual compression 
and suction processes start at a=as. The state of the gas in the compression chaniber during the interval 0 < a < as is defined here as the "early unclosed compression". 
According to the numerical and the experimental results shown earlier, the suction chamber pressure peaks occur periodically at a= as, where the suction process ends and the closed compression process starts. This means that the 
pressure at the start of tlle compression process is higher than the reference suction pressure: a supercharging phenomenon. Obviously, this increases the volumetric efficiency of the compressor. 
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The fact that the cylinder pressure is higher than the reference suction pressure at the start of the closed 
compression process results from two different effects. The first one is caused by the early unclosed compression. 
Since this effect is mainly due to the deviation of the suction port from the top dead center and is always there because 
the position of the suction port is limited by the space constraint, it can be called the effect of passive supercharging 
(8]. 
The second effect comes from the momentum of the gas inside the suction pipe. As mentioned earlier, the flow 
inside the suction pipe is unsteady, and the flow properties fluctuate up and down about their mean values. If the 
pressure at the suction port, or the outlet boundary of the pipe, reaches its peak at the instant that the closed 
compression starts, the pressure inside the compression chamber is obviously greater than the reference suction 
pressure. Since both the magnitude and the phase of the pressure pulsations at the suction port are controlled by the 
pipe length, the pipe diameter, the compressor speed, and so on, and can be tuned by selecting those parameters 
properly, this effect can be defined as the effect of active supercharging. 
The active supercharging phenomenon due to the wave dynamics inside the suction pipe can be visualized with the 
help of Figures 2 and 8. During the first part of the suction process of each cycle, the suction chamber volume 
changing rate increases until it reaches its maximum, as shown in Figure 8. Because of the inertia of gas, it can not fill 
the rapidly expanding cylinder volume fast enough, therefore, the gas pressure experiences a drop. During the last part 
of the suction process, the cylinder volume changing rate decreases. However, because of its acceleration in the first 
stage, the gas in the suction pipe has already gained a certain amount of speed and momentum. Again, due to inertia, 
the fast flowing gas can not slow down inunediately and, instead, it slams into the cylinder. So it causes the pressure 
in the cylinder to build up. This is only a very loose explanation, since the suction chamber pressure may oscillate up 
and down several times during each suction cycle when the compressor runs at relative low speeds. However, it does 
shed some light on the intake dynamics and its effect. 
The consequence of supercharging is the volumetric efficiency improvement of the compressor. T() quantify the 
volumetric efficiency under the influence of pressure pulsations, a reference state has to be specified. In the ideal case, 
which means that the gas is inertialess, the suction chamber would be filled quasi-statically so that both the pressure 
and the density of the gas inside the suction chamber would be the same as those at the reference suction condition. 
This could be approximately considered as the case when a large volume of constant pressure gas is attached to the 
suction chamber through an orifice. With the reference state specified, the volumetric efficiency is just the ratio of the 
cylinder gas density at the start of the actual compression process to the gas density at the reference suction condition, 
if we disregard all the mass flow losses due to suction gas heating, leakages, clearance volume, and back flow [9) at 
this moment. Higher gas density at the start of the closed compression means more gas trapped in the cylinder since 
the cylinder swept volume is fixed, and therefore higher volumetric efficiency is achieved. 
The volumetric efficiency predicted by the simulation program at different speeds is plotted in Figure 9. Due to 
the combined effects of active supercharging and passive supercharging, the volumetric efficiency is always more than 
100%, without including the volumetric losses caused by suction gas heating, leakages and so on. The volumetric 
efficiency improvement is quite dramatic due to supercharging. The gain of volumetric efficiency can be more than 
20% at certain speeds for the given parameters of the suction pipe. Figure 9 indicates that there is a condition which 
corresponds to the maximum volumetric efficiency gain. How to tune the compressor to this condition is explained in 
Reference [7]. 
However the volumetric efficiency gain is obtained at the expense of energy loss. This can be illustrated by the 
PV diagram as shown in Figure 10. In the ideal case, which means the gas fills the compressor cylinder quasi-
statically, the suction process would be represented by the line 'bcdfg' on the PV diagram. Due to the wave dynamics, 
the actual suction process proceeds along the line 'acefh' instead. Since the area enclosed by the PV diagram is the 
work performed by the compressor piston during each cycle, apparently more piston work is required for the real 
process than for the ideal process. More study on this dynamic loss can be found in Reference (9]. 
Conclusions 
The intake dynamics of a variable speed compressor has been modeled with a detailed mathematical simulation 
program. Three different numerical methods are used to solve the unsteady one-dimensional fluid dynamics equations. 
The predicted re!>1llts compare well to the experimental data. The gas dynamics model is able to predict the finite 
amplitude pressure waves quite accurately. The supercharging effect can be utilized to increase the capacity of the 
compressor. 
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